Implicit memory refers to nonconscious retrieval of past experience demonstrated by facilitation in test performance on tasks that do not require intentional recollection of previous experiences. Explicit memory, in contrast, refers to the conscious retrieval of prior information, as demonstrated during standard recall and recognition tasks. In this experiment, positron emission tomographic (PET) measurements of regional cerebral blood flow (CBF), a marker of local neuronal activity, were used to identify and contrast brain regions that participate in the perception, implicit memory, and explicit memory for structurally possible and impossible visual objects. Ten CBF images were acquired in 16 normal women as they made possible/impossible and old/new recognition decisions about previously studied (old) and nonstudied (new) structurally possible and impossible objects. As reported previously, object decisions for familiar possible objects were associated with increased CBF in the vicinity of the left inferior temporal and fusiform gyri and 6Corresponding author. recognition memory for familiar possible objects was associated with increased CBF in the vicinity of the right hippocampus. In this report, we provide more extensive analyses of the roles of the inferior temporal cortex, the hippocampus, the parahippocampus, and the pulvinar in encoding and retrieval operations. Additionally, patterns of CBF increases and decreases provide information regarding the neural structures involved in implicit and explicit memory.
Introduction
Implicit memory refers to nonconscious retrieval of past experience demonstrated by facilitation in task performance on tasks that do not require intentional retrieval of previous experiences, whereas explicit memory refers to the conscious recollection of past experience demonstrated during standard recall and recognition tasks (Graf and Schacter 1985; Schacter 1987) . A variety of neuroanatomical systems are involved in different kinds of implicit memory, such as priming, skill learning, and habit acquisition, whereas explicit memory typically depends on the integrity of the medial temporal lobe (cf. Schacter and Tulving 1994; Squire 1994; Willingham 1997 ). For instance, many studies have demonstrated that amnesic patients with damage to the medial temporal lobes show intact performance on a variety of implicit memory tasks (for reviews, see Richardson-Klavehn and Bjork 1988; Squire 1992; Graf and Masson 1993; Roediger and McDermott 1993; Moscovitch 1994) .
In this paper we examine the correlates of priming, perhaps the most frequently studied form of implicit memory. Priming occurs when study of a stimulus object produces a change in the ability to identify or make decisions about that object (Tulving and Schacter 1990) . Whereas most studies of priming have used familiar words and pictures as target materials, Schacter, Cooper and their colleagues (Cooper et al. 1992; Schacter et al. 1990 Schacter et al. , 1991a Schacter et al. ,b, 1993 have examined priming of two-dimensional line drawings depicting unfamiliar three-dimensional visual objects that are structurally possible (i.e., they could exist in three-dimensional form) or structurally impossible (surface or edge violations would prohibit their existence in three dimensions). Priming of these objects is observed when study of a possible or impossible object influences performance on a subsequent task in which subjects decide whether briefly flashed studied and nonstudied objects are possible or impossible. Explicit memory for the same objects is observed when subjects make accurate old/new recognition judgements about studied and nonstudied objects.
A series of experiments with the possible and impossible object set has demonstrated that priming is (1) observed for possible but not for impossible objects; (2) dependent on encoding the overall shape of the object; (3) minimally affected by semantic encoding operations that enhance explicit memory; (4) preserved in amnesic patients with medial temporal lobe damage and explicit memory deficits; and (5) insensitive to study-to-test changes in size and left/right reflection of objects that impair explicit memory (Cooper et al. 1992; Schacter et al. 1990 Schacter et al. , 1991a . In each of these studies, explicit memory performance is also more accurate for possible than for impossible objects. On the basis of these and other previous results, Schacter and colleagues ) suggest that object decision priming might depend on a structural description system (Riddoch and Humphreys 1987) that represents information about the global structure of an object independently of its retinal size, left/right orientation, and explicit memory representation.
In this study, positron emission tomographic (PET) measurements of regional cerebral blood flow (CBF), a marker of local neuronal activity, were used to examine information processing of possible and impossible objects during implicit and explicit memory. In a previous report (Schacter et al. 1995) , we focused primarily on two a priori hypotheses that concerned the processing of possible objects--one, that object decisions and object decision priming depend on a brain system, namely the inferior temporal lobe and fusiform gyrus region, which supports the global representation of visual objects and two, that explicit recognition memory depends on a brain system that includes the hippocampus and other medial temporal lobe structures (e.g., Squire and Zola-Morgan 1991; Squire et al. 1992) . In this report, we more fully elaborate on the blood flow changes that occurred in regions outside of the inferior and medial temporal lobe regions in response to the processing of possible objects, and we more fully elaborate on all of the blood flow changes that occurred in response to the processing of impossible objects. Additional post-hoc data analyses explore the role of object, task, and hemisphere effects in the inferior temporal cortex, hippocampus, parahippocampus, and thalamus in the encoding and retrieval of structurally possible and impossible objects.
Materials and Methods

SUBJECTS
Sixteen right-handed, healthy, unmedicated female volunteers between the ages of 18 and 30 were screened using psychiatric and medical histories, a neurological examination, the Structured Clinical Interview for DSM-III-R-Non-Patient Version (SCID-NP), the Edinburgh Handedness Inventory, and a complete neurological exam. Each participant was studied under guidelines approved by the human subjects committee at Good Samaritan Regional Medical Center (Phoenix, AZ.).
PROCEDURE MAGNETIC RESONANCE IMAGING
Before the PET session, magnetic resonance imaging (MRI) was performed on each subject us-
Cold Spring Harbor Laboratory Press on October 18, 2017 -Published by learnmem.cshlp.org Downloaded from ing the 1.5 Tesla Signa system (General Electric, Milwaukee, WI). T 1-weighted, sagittal and coronal images of the brain were used to minimize tilt and optimize axial sampling in the PET scanner. A T1-weighted, three-dimensional, Volume Spoiled Recalled Acquisition in the Steady State pulse sequence (SPGR, TE-5 msec, TR=33 msec, angle = 30 ~ NEX = 1, FOV = 24 cm, imaging matrix = 256 x 192) was used to acquire 128 contiguous, 1.5-mm-thick, horizontal slices of the brain to rule out gross anatomical abnormalities and facilitate comparisons between brain function and structure.
PET Subject preparation for PET included the insertion of a catheter in the left antecubital vein to permit tracer administration, use of a fast hardening foam mold to immobilize the head, and the performance of a transmission scan using a germanium-68-gallium-68 ring source to correct subsequent emission images for radiation attenuation. During each scan, the subject rested quietly in the supine position.
In total, 10 31-slice PET images of regional CBF were obtained in each subject during two baseline and eight memory conditions using the ECAT 951/ 31 scanner (Siemens, Knoxville, TN), 40 mCi intravenous injections of the radio tracer 15-O water, 60-see scans, and an interval of 10-15 min between scans. During each of the 10 scans, there were 20 stimulus presentations consisting of (1) a 250-msec cross-hair fixation point; (2) a blank lO0-msec scan interval; (3) an object at central fixation for 50-msec followed by a key-press response; and (4) a 2500-msec intertrial delay. The radio tracer was administered at predetermined times shortly after the onset of the stimuli.
BEHAVIORAL PILOT STUDIES
In previous behavioral studies, possible and impossible objects were intermixed in a random sequence during object decision and recognition tests, which were performed independently (cf. Schacter et al. 1990 ). To accommodate the constraints of PET neuroimaging, we segregated the object types into blocks that corresponded to individual 1-min scans for each of the memory tasks. Several behavioral "dry runs" established that these revised object decision and recognition tasks incorporated the standard behavioral signatures of each task (i.e., priming for possible but not impossible objects, and more accurate recognition for possible than impossible objects). Pilot testing also excluded the possibility of learning effects within each block.
BEHAVIORAL TESTING DURING PET NEUROIMAGING
We used a set of 60 possible and 60 impossible objects that had been developed in previous research (e.g., Schacter et al. 1991a ). All of the possible and impossible objects were divided into three equal sets. During the experiment, the first set of each object type was presented four times--once during a baseline condition of passive looking, once during the study task, once during the object decision task, and once during the recognition task. This object set comprised the "old" or "studied" items. The second set of each object type comprised the "new" or "nonstudied" items during the object decision test, and did not appear at any other time in the experiment. The third set of each object type comprised the new or nonstudied items during recognition task. These also did not appear at any other time in the experiment. The experimental protocol and examples of possible and impossible objects are shown in Table 1 .
Each subject was tested in each memory condition and was exposed to all of the visual stimuli. Although the memory tasks themselves were always presented in the same order, the order of the presentation of the sets of objects (studied possible, nonstudied possible, studied impossible, nonstudied impossible) was counterbalanced across subjects, fully for 12 subjects and partially for four others. Behavioral conditions for this experiment were conducted as follows.
1. Passive viewing. Subjects were first shown individual objects for 50 msec per object and they were required to press one of two buttons after the object disappeared. Subjects were presented two sets of objects (one containing only possible objects and one containing only impossible objects) -10 min apart. This task served as the baseline measure in the PET procedure. 2. Tool/support study task. To present objects for sufficient time to ensure adequate encoding, the same 40 objects (20 possible and 20 impossible) that were presented in the baseline phase
Cold Spring Harbor Laboratory Press on October 18, 2017 -Published by learnmem.cshlp.org Downloaded from of the experiment were presented again in random sequence for 5 sec each. As in , subjects were asked to decide whether each object could be best used as a tool or as support. After completing one cycle through this set of 40 objects, the order of presentation was altered and the same set was presented again. No PET data were collected during this phase of the experiment. 3. Object decision task. In the third phase of the experiment, subjects were engaged in an object decision task in which they were required to & 340 decide whether a two-dimensional drawing of a novel object could exist in the three-dimensional world. Subjects were first given instructions concerning how to perform the object decision task and shown examples of possible and impossible objects. The presentation conditions for these objects were identical to those of the passive viewing (baseline) phase of the experiment. That is, objects were presented in sets of 20 (all of which were either possible or impossible), and each object was presented for 50 msec. As in the baseline condition, two keys
Cold Spring Harbor Laboratory Press on October 18, 2017 -Published by learnmem.cshlp.org Downloaded from were used to record subjects' responses--one key was pressed if subjects thought the object was possible and the other if they thought it was impossible. Four different sets of objects were presented--old possible objects, old impossible objects, new possible objects, and new impossible objects. Approximately 10 min elapsed between presentation of each set of items. 4. Recognition/explicit memory. The final phase of the experiment required subjects to decide whether or not an object had been presented before during the experiment. The presentation conditions for these objects were identical to those during baseline and object decision. In this case, however, subjects were asked to press one button if they had seen the item before and another button if they had not. Once again four sets of objects were presented--old possible, old impossible, new possible, and new impossible.
DATA ANALYSIS
PET images were reconstructed with an inplane resolution of -10 mm full width at half maximum (FWHM) and a slice thickness of-5 mm FWHM. For data analysis, a Gaussian blur yielded an in-plane resolution of-20 mm FWHM and a slice thickness of-10 mm FWHM. Automated algorithms were used to align each subject's sequential PET images (Mintun and Lee 1991) , transform her PET images into the standard spatial coordinates of a brain atlas (Talairach and Tournoux 1988) , investigate regional blood flow increases and decreases during object decision and recognition memory using statistical parametric mapping (SPM; Friston et al. 1990 ), investigate differences in the blood flow in inferior temporal, hippocampus, and dorsolateral prefrontal regions between the left versus the right hemisphere. To reduce type 1 errors, a critical t-value of 2.58 (P < 0.005 uncorrected for multiple comparisons) was used to characterize significant increases in regional blood flow; a critical t-value of 1.65 (P < 0.05, uncorrected for multiple comparisons) was used post hoc if the region was implicated in the comparison of interest or in a specific hemisphere. One-tailed t-values are used to look at increases or decreases in a single comparison, not cumulative increases and decreases. An empirical evaluation of PET's sensitivity in detecting true signals and distinguishing them from false signals and noise has been provided by Reiman and colleagues (1997) .
Other region-of-interest (ROI) post-hoc analyses involved the extraction of raw PET counts using two different methods. The first region of interest approach extracted PET counts from the hippocampus, parahippocampus, anterior thalamus, and posterior thalamus (pulvinaO using the Talairach and TournotLx (1988) coordinate points for each of these regions (see Table 2 ). These values were evaluated with an ANOVA to further explore main effects and interactions between tasks (object decision and recognition memory), object types (possible vs. impossible objects), and object familiarity (studied versus nonstudied objects).
The second ROI approach involved only the hippocampus. The hippocampus in transaxial section was manually defined using the image processing software MIDAS (Tsui 1995) . Accurate boundary information was obtained by the simultaneous display and definition of the hippocampus in the sagittal plane. After ROI definition, each subjects' MRI was aligned to each of her unblurred PET scans by a surface matching algorithm that estimated the accuracy of its coregistration by providing a residual that measured the distance between the surface of the two images. Raw PET count statistics from the hippocampus were extracted and subsequently normalized to the raw PET counts of the whole brain. The hippocampus on one coregistered PET image is shown in Figure 1 .
Results
TASK PERFORMANCE
To investigate priming effects, the proportions of correct possible/impossible object decisions for previously studied (old) objects (possible = 0.67; impossible = 0.63) were compared with the corresponding proportions of correct object decisions for not previously studied (new) objects (possible = 0.56; impossible = 0.58). As demonstrated in previous experiments, the old possible objects were associated with a significant object-decision priming effect (i.e., an increase in the proportion of possible decisions for studied possible objects compared with nonstudied possible objects), t(15) -3.01, P < 0.005; the old impossible objects were not associated with a significant object-decision priming effect, t(15) < 1.
For recognition memory, we compared the
Cold Spring Harbor Laboratory Press on October 18, 2017 -Published by learnmem.cshlp.org Downloaded from 13-18 -22- (-26) proportion of old responses with previously presented objects (i.e., the hit rate; for possible objects = 0.82; for impossible objects = 0.68) to the proportion of old responses to new objects (i.e., the false alarm rate; for possible objects = 0.33; for impossible o b j e c t s -0.36). As demonstrated in previous experiments, the corrected recognition score (hit rate -false alarm rate) for possible objects (0.49) was significantly higher than corrected recognition score for impossible objects (0.32), t(15) = 4.58, P < 0.001. The results for both the object-decision and recognition memory tasks are illustrated in Figure 2 .
P O S I T R O N EMISSION T O M O G R P H Y ABBREVIATIONS
Throughout the remainder of the text, the following abbreviations serve to identify combinations of task and stimulus conditions used in statistical comparisons and relevant subtractions: (OD) object decision task; (RN) recognition memory task; (BL) no-decision baseline task; (O) old or previously studied; (N) new or nonstudied; (P) possible object; (I) impossible object. Therefore, the acronym OOD-NOD:P should be read "old object decision minus new object decision on possible objects," and it designates subtraction of the regional activation associated with performance for one object decision condition compared with another object decision condition. At a more theoretical level, this label refers to regional CBF attributable to priming of possible/impossible decisions concerning previously studied possible objects. A list of the key task acronyms can be found in Table 1. OVERVIEW As reported recently (Schacter et al. 1995) , object decisions about possible objects were associated with significant CBF changes in the vicinity of the inferior temporal and adjacent fusiform gyri and recognition decisions about possible and impossible objects were associated with significant CBF increases in the vicinity of the hippocampal formation. These findings are described briefly under the subheading Hypothesis-Testing.
Hypothesis-Generating data analyses examined the role of the inferior temporal and adjacent fusiform gyri and the hippocampus and parahippocampus region in encoding and retrieval processes during implicit and explicit memory, as well increases and decreases in CBF that occurred in several other brain regions, namely the frontal cortex, 
Possible Impossible
Figure 2: "Old" minus "new" performance for possible and impossible objects in object decision and recognition memory.
the pulvinar region of the thalamus, the primary and secondary occipital regions, the cingulate gyrus, basal ganglia, the insula and claustrum, the precuneus region, the temporoparietal areas, and the cerebellum (see Table 3 for a listing of regions, specific locations in Talairach space, and maximal t-values). Brain imaging data traditionally invite speculation about the commission of type 1 errors (i.e., inappropriate rejection of the null hypothesis). Although the likelihood of this statistical error is reduced by the bilateral nature and reproducibility of most of the blood flow changes, these findings are best viewed as provisional evidence of candidate regions that underlie implicit and explicit memory performance.
HYPOTHESIS TESTING INFERIOR TEMPORAL AND FUSIFORM GYRUS
Blood flow increases in inferior temporal regions 21 and 37, the fusiform gyms, and the posterior sector of the middle temporal gyrus occurred during object decisions for possible objects. The increases were bilateral for OOD-BL:P, on the right for NOD-BL:P, and on the left for OOD-NOD:P (Schacter et al. 1995) .
HIPPOCAMPUS AND PARAHIPPOCAMPAL GYRUS
Blood flow increases in the hippocampus and parahippocampal gyrus region occurred during both object decision and recognition memory, as well as in response to both object types. Blood flow increases were bilateral in ORN-BL:P, on the left in NRN-BL:P, and on the right in ORN-NRN:P. Blood flow increases in the left hippocampal region occurred during ORN-BL:I and NRN-BL:I, as well during object decisions for impossible objects (OOD-BL:I and NOD-BL:I; Schacter et al. 1995) .
HYPOTHESIS GENERATING INFERIOR TEMPORAL AND FUSIFORM GYRUS
Post hoc analyses of the data from the inferior temporal and fusiform gyrus region that resulted from SPM revealed several effects. (1) CBF increases in NOD-BL:P and OOD-NOD:P were significantly greater in the right and left inferior temporal regions, respectively, than in these same regions in the opposite hemisphere; (2) right inferior temporal and fusiform increases were greater during object decisions for nonstudied possible as contrasted to nonstudied impossible objects (P < 0.05), and left inferior temporal and fusiform were greater during object decision priming (OOD-NOD) for possible objects as contrasted to impossible objects; and (3) bilateral increases in the inferior temporal region occurred when object decision and recognition memory were contrasted directly (OOD-ORN:P; P < 0.05).
HIPPOCAMPUS AND PARAHIPPOCAMPAL GYRUS
Post hoc analyses of the data from the hippocampus and parahippocampal region that resulted from SPM revealed several additional effects. (1) Blood flow increases were significantly greater in the right hippocampal region during ORN-BL:P, and in the left hemisphere in response to all of the tasks that involved impossible objects; (2) the blood flow increase was significantly greater in the region of the right hippocampus for possible as 
t-values and their locations in Talairach space
Refer to Table 1 for a listing of the task acronyms. Coordinate points for each task are listed as x, y, and z. The fourth value listed is the maximal t value. A negative x coordinate value denotes a left hemisphere foci; a positive coordinate value denotes a right hemisphere foci. Shaded tvalues indicate a decrease rather than an increase from the baseline condition.
compared with impossible objects during ORN-BL (P < 0.05) and in the region of the right and left hippocampus during ORN-NRN (P< 0.05); and (3) the blood flow increase was significantly
greater in the region of the left hippocampus for impossible as compared to possible objects during ORN-BL and NOD-BL (both P < 0.005) and NRN-BL and NOD-BL (both P < 0.05). Blood flow increases in the hippocampus region are illustrated in Figure 3 .
The hippocampus and parahippocampal gyrus occupy seven Talairach and Tournoux (1988) planes. The increases we observed during object decision and recognition memory appeared to occupy only the four dorsal transaxial sections. To test this hypothesis, we extracted the raw PET counts from the hippocampal and parahippocampal regions in Talairach space. Post-hoc analyses of these data confirmed the impression of a greater increase in the region of the dorsal hippocampus and parahippocampal gyrus (Talairach z-leve l s -4, 0, -4, and -8) than in the ventral hippocampus and parahippocampal regions (Talairach z-levels = -12, -16, and -20), F(1,15) = 5.39, P < 0.001. Although a main effect of region (dorsal hippocampus vs. dorsal parahippocampal gyrus) was lacking, there was a significant interaction of region x object type (possible, impossible), F(1,15) --11.31, P < 0.005: parahippocampal activity was associated with possible objects and hippocampus activity was associated with impossible objects. In addition, a significant region x task (ob- Table 1 for a definition of the task acronyms. ject decision, recognition memory) interaction, F(1,15)-10.08, P < 0.01, indicated that although the hippocampus showed greater increases than the parahippocampal gyms during object decision, the reverse was true for recognition memory. The last significant interaction is region x hemisphere, F(1,15)-8.08, P < 0.05. Blood flow is greater in the left hippocampus than in the left parahippocampal gyrus, and blood flow is less in the right hippocampus than in the right parahippocampal gyrus.
The region of interest approach that used each subject's MRI as an aid in the definition of the hippocampus also confirmed the impression of a greater blood flow increase in the region of the dorsal hippocampus as compared with the ventral hippocampus, F(1,18) -17.64, P < 0.005. In addition, and considering all of the memory tasks together, the blood flow increase was significantly greater in the left hippocampus than in the right hippocampus, F(1,14) = 6.91, P < 0.05. In contrast to the Talairach extraction technique, however, further distinctions could not be made on the basis of either task or object type.
FRONTAL LOBE
Blood flow increases occurred in the precentral (somatosensory, motor, and supplementary motor areas), dorsolateral prefrontal (DLPFC) and orbitofrontal cortices in all of the object decision and recognition memory tasks as compared to the no-decision baseline condition. Blood flow increases in the precentral cortex occurred ubiquitously on the left, but were bilateral in NOD-BL:I. Blood flow increases in the prefrontal area (here defined as BA 10, 44-46) are all bilateral with two exceptions. Blood flow was significantly greater in the right hemisphere during NRN-BL:P, and in the left hemisphere during ORN-NRN:P. Blood flow increases in the orbitofrontal cortex (BA 11 and 47) are also primarily bilateral. The exception, OO-D-BL:P, has blood flow increases on the right side only.
In comparison with the no-decision baseline condition, a trend for increased blood flow in the frontal eye field region (BA8) is present during NOD:P and ORN:P. In contrast, a trend for a decrease in this region is present during OOD:P, NOD:I, ORN:I, NRN:P, and NRN:I. Both trends for and significant decreased blood flow occur in the midline central sulcus region in BA9. This area of
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THALAMUS
Blood flow increases in the thalamus occurred predominantly in its posterior sector, the pulvinar, during ORN-BL:I, NRN-BL:P, NRN-BL:I, OOD-BL:I, and NOD-BL:I. There was no pulvinar increase in OOD-BL:P. Post-hoc analyses of the PET counts extracted from the anterior and the posterior thalamus in Talairach and Tournoux (1988) space confirmed the SPM implication of greater pulvinar activation, F(1,15) -4.94, P < 0.05. Although there was no difference in thalamic increases between either the hemispheres or object types, the increase in the pulvinar region was significantly greater during recognition memory as compared to object decision F(1,15)-13.01, P < 0.005. and ORN-BL:I. A bilateral blood flow decrease in this same region occurred during NOD-BL:I. Significant blood flow increases in the caudate during object decision were bilateral in OOD-BL:I, on the right in OOD-BL:P, and on the left in NOD-BL:I. In recognition memory, significant bilateral blood flow increases occurred in the caudate in association with ORN-BL:P, ORN-BL:I, and NRN-BL:I, as well as in ORN:P in contrast to NRN:P.
INSULAR REGION
Significant bilateral blood flow increases occurred in all of the object decision and recognition memory tasks when compared with the no-decision baseline condition with two exceptions. In NRN-BL:P, significant increases occurred only in the right hemisphere, and in OOD-BL:I significant increases occurred only in the left hemisphere.
OCCIPITAL CORTEX Object and recognition decisions were each distinguished from their respective no-decision baseline tasks by significantly increased CBF in the vicinity of the medial occipital cortex (BAs 17-19). Recognition decisions about previously studied possible objects were distinguished from those about previously nonstudied conditions by significantly decreased CBF bilaterally in the vicinity of medial and lateral occipital cortex (BAs 17-19).
THE CINGULATE GYRUS
Blood flow increases in the vicinity of the posterior and mid-cingulate cortex (BAs 23 and 24, respectively) occurred during each recognition memory task in comparison with the no-decision baseline condition, and in ORN:P as contrasted with NRN:P. Significant blood flow decreases in anterior cingulate BA 32 occurred in conjunction with those in the midline frontal region (BA9) during OOD-BL:P, OOD-BL:I, NOD-BL:P, and ORN-BL:I.
LENTIFORM NUCLEUS AND CAUDATE
Bilateral blood flow increases occurred in the vicinity of the lentiform nucleus during ORN-BL:P PRECUNEUS Significant bilateral blood flow decreases in the vicinity of the precuneus, superior parietal cortex (BAT) and posterior cingulate region (BA31) occurred in all of the object decision and recognition memory tasks as compared to the no-decision baseline condition. Often included in this region were the primary and secondary visual cortices, as well as the other posterior cingulate regions.
TEMPOROPARIETAL REGIONS
Significant blood flow decreases in the inferior parietal cortex and the middle and superior temporal gyri occurred in all of the object decision and recognition memory tasks when compared with the no-decision baseline condition, and in ORN:P as contrasted with NRN:P. Significant increases also occurred in the superior angular and supramarginal gyri bilaterally during OOD-BL:P, on the left in OOD-BL:I, and on the right in NOD-BL:P.
CEREBELLUM
Bilateral blood flow decreases in the cerebellum occurred in association with all of the object decision and recognition memory tasks, when compared with the no-decision baseline condition. 
Discussion
Like subjects in previous cognitive studies, subjects in this PET study demonstrated object decision priming for previously studied possible but not impossible objects, recognition memory for previously studied possible and impossible objects, and reliably greater recognition memory for possible than for impossible objects. This study confirmed hypotheses that object decision priming depends on a neural system that includes a brain structure in the vicinity of the inferior temporal cortex, that the inferior temporal cortex participates in the global representation of visual objects (a representation preferentially involved in decisions about objects that are structurally possible), and that explicit memory for visual objects depends on a brain structure in the vicinity of the hippocampus. Additional data analyses into task, object, and hemisphere effects provide insight into the neuroanatomy of the encoding and retrieval operations involved in the implicit and explicit recognition of visual objects. CBF increases and decreases in brain regions outside of the inferior temporal gyrus and hippocampus regions provide additional information about brain structures participating in the implicit and explicit retrieval of visual information.
INFERIOR TEMPORAL REGIONS~ OBJECT DECISION~ AND OBJECT DECISION PRIMING
Significant increases in the inferior temporal (IT) and fusiform gyri regions occurred only during object decision and only for possible objects. Increased blood flow was in the right hemisphere during NOD-BL:P, bilateral during OOD-BL:P, and in the left hemisphere during OOD-NOD:P. Both the right hemisphere increase in NOD-BL:P and the left hemisphere increase in OOD-NOD:P were significantly greater than in the opposite hemisphere. In addition, the increases appearing in the inferior temporal and fusiform region in association with possible objects were significantly greater than those for impossible objects.
Priming of verbal stimuli has been examined in several previous functional neuroimaging studies Buckner et al. 1995) . Squire et al. (1992) initially reported decreased blood flow in the right posterior cortex in a word-stem completion priming task, whereas in a subsequent analysis Buckner and colleagues (1995) reported bilateral decreases. Schacter et al. (1996b) also found bilateral occipital decreases in relation to priming. Decreases in this region might be attributable to more efficient processing of a stimulus after an initial exposure to a target word on the study list.
Decreased neuronal responsiveness in the inferior temporal cortex (IT) in response to stimulus repetition has also been linked to memory Miller et al. 1991 Miller et al. , 1993 Miller and Desimone 1994) . Desimone and colleagues (1995) currently speculate on the presence of two to three memory processes within IT cortex. The first, based on simple stimulus repetition, is characterized by attenuated neural responsiveness. This may be the type of mechanism observed in the previous PET studies with verbal materials (Squire 1992; Buckner et al. 1995) . The other two memory mechanisms are associated with neuronal enhancement and active maintenance of a stimulus, respectively, and they are hypothesized to depend in part on top-down feedback from prefrontal regions to IT cortex. Prominent increases in the prefrontal cortex were observed in the present study; functional interaction between the prefrontal and inferior temporal cortex during object decision, therefore, could account, in part, for the increase that we obtained in association with priming.
A last note regards the laterality of our findings. Hemispheric functions in the fight and left temporal areas have often been related to nonverbal and verbal abilities, respectively. Blood flow increases in the fight inferior temporal region in response to nonstudied possible objects implicate the involvement of this region in the incorporation of unfamiliar information. The right temporal lobe has been implicated previously in "rapid visual identification" (Milner 1958 ) that is dependent on the degree of familiarity with the material (Kimura 1963) . Blood flow increases in the right occipitotemporal region have also been demonstrated for other three-dimensional novel objects (Kanwisher et al. 1994 ). Blood flow increases in the left inferior temporal region in response to making decisions about possible objects, by contrast, suggest this region's involvement in the incorporation of familiar information. Increased blood flow in left BA21 has been demonstrated during previous studies of face and object identification (Corbetta et al. 1990; Sergent et al. 1992; Kosslyn et al. 1994) . It has been argued that this portion of cortex is important in the naming but not the recognition, of visual objects (Damasio 1990; Damasio et al. 1990) .
HIPPOCAMPAL REGIONS, OBJECT AND RECOGNITION DECISIONS, AND RECOGNITION MEMORY
Blood flow increases in the hippocampus occurred in association with both recognition memory and object decision. As in the inferior temporal cortex, the pattern of increases in the two hemispheres appears to reflect information about object familiarity. Blood flow increases occurred in the region of the left hippocampus during NRN-BL:P, bilaterally during ORN-BL:P, and in the region of the right hippocampus during ORN-NRN:P. Blood flow increases in the left hippocampus region occurred in response to impossible objects, irrespective of task. In contrast to the increases in the inferior temporal region, the response to familiar (studied) objects was in the right hemisphere, and the response to nonfamiliar objects was in the left hemisphere. This pattern of lateralized increases possibly reflects a distinction between analysis and encoding functions in the left hippocampus and a perceptual matching function in the right hippocampus.
In agreement with recent primate work (Meunier et al. 1993; Suzuki et al. 1993) , the results of the present study indicate that it is the parahippocampal region (and not the hippocampus proper) that demonstrates significantly greater increases during recognition memory. Parahippocampal increases are notably less in the left hemisphere and in response to impossible objects.
Right hippocampus increases during word stem completion led Squire and colleagues (1992) to assert a clear association between increased blood flow in the hippocampus and memory. During this task, subjects completed word stems with words previously studied. In a subsequent study, however, Buckner et al. (1995) demonstrated that if the format of the study words differed from that of the test words, there was no increase in the hippocampus, despite equivalent memory performance, suggesting that the response of the right hippocampus is specific to matching stimuli (cf. Schacter 1997b). Schacter et al. (1996a) have shown that right hippocampus increases during stem-cued recall are observed under conditions that promote high levels of recall, but not under conditions that yield low levels of recall. This finding parallels the present observation of right parahippocampal activation in association with explicit recognition of possible but not impossible objects. Other recent studies, too, have shown activation of the hippocampal region under conditions that promote successful conscious recollection of recently studied pictures (Gabrieli et al. 1997 ), words (Nyberg et al. 1996b Rugg et al. 1997) , and objects in particular spatial positions (Owen et al. 1996) . Tulving and colleagues (1994c) suggest that the right hippocampus may be a component of a novelty encoding network (cf. Stern et al. 1996; Gabrieli et al. 1997) . In their experiment, increases in the right hippocampus region occurred during exposure to nonstudied National Geographic illustrations. Although these pictures were novel in the sense that they had not been seen before in the experimental setting, they contain familiar everyday objects and therefore are not novel in the same sense that our objects are novel. We suggest two alternative interpretations. First, the increases observed by Tulving et al. (1994c) could reflect a holistic matching function to familiar real world stimuli; substantial analysis of these stimuli is unnecessary. Second, the increases may be similar to those that occurred in the right inferior temporal region in response to possible objects during object decision. Neuroimaging studies are needed to differentiate the role of the left and right hippocampi in encoding and retrieval functions.
A last note about the increases in the hippocampus concerns their location in the transaxial plane of section. Visual inspection, extraction of the PET counts in Talairach space, and extraction of PET counts from the hippocampus region of each subject's individual MRI image all confirmed that the increases observed in this study were consistently found in the dorsal hippocampus region. Inputs to the dorsal and ventral regions of the hippocampus are from separate areas of the entorhinal cortex in rats (Wyss 1981) , cats (Witter and Groenewegen 1984) , monkeys (Suzuki and Amaral 1994b) , and presumably in humans. It has been suggested that these two hippocampal regions subserve different functions. For example, in the monkey, input to the dorsal hippocampal region tends to be from the rostromedial entorhinal cortex and input to the ventral hippocampal region tends to be from the more caudal extent of the entorhinal cortex (Witter et al. 1989) . Input to the rostromedial entorhinal cortex originates from perirhinal cortex, a strong recipient of "what" or object-based information from unimodal visual areas in the temporal lobe, whereas input to the caudal entorhinal cortex region originates from the parahippocampus cortex, a strong recipient of "where" or location-based
Cold Spring Harbor Laboratory Press on October 18, 2017 -Published by learnmem.cshlp.org Downloaded from information from such areas as the retrosplenial cortex and posterior parietal cortex (Suzuki and Amaral 1994a,b) , two areas that showed decreases in the present study. Our data indicate that possible and impossible object information processing occurs preferentially in the visual stream that processes what information important for visual recognition and memory.
METHODOLOGICAL LIMITATIONS
A major criticism of brain images acquired with PET is their inability to accurately localize blood flow changes due to limitations of present anatomical standardization techniques and spatial resolution. Despite these limitations, we have used Talairach space to define human neuroanatomy and to claim that we can differentiate blood flow increases in the parahippocampal gyrus region from blood flow increases in the hippocampus. Additionally, we have defined the hippocampal formation on each subject's MRI and coregistered these images to each of the subject's respective PET images and made the claim that blood flow increases in the dorsal hippocampus can be differentiated from blood flow increases in the ventral hippocampus. Our claim, therefore, is limited by the methods we used to extract area-specific raw PET data. We acknowledge that neuroanatomical imprecision can be attributable to several sources--the resolution of the PET images, the inexactness of Talairach space, and inaccuracies in the coregistration procedure. Although anatomical data gathered in primates supports the plausibility of our exploratory analyses, within-subject image averaging and functional MRI (fMRI) are better suited to providing a more definitive conclusion.
CBF INCREASES IN THE OTHER BRAIN REGIONS
In comparison with the no-decision baseline task, the object decision and recognition memory tasks were associated with blood flow increases bilaterally in the vicinity of the dorsolateral prefrontal cortex, bilaterally in the vicinity of the orbitofrontal cortex, bilaterally in the insular cortex, in the left hemisphere somatosensory, motor and supplementary motor areas, and either bilaterally or in the right hemisphere of the posterior nucleus of the thalamus, the pulvinar. Blood flow increases in the pulvinar were greater than those in the anterior thalamus during the recognition memory tasks. In comparison with the no-decision baseline task, the recognition memory tasks were associated with blood flow increases bilaterally in the anterior cingulate cortex region and bilaterally in the region of the caudate nucleus. In comparison with the no-decision baseline task, the object decision tasks were associated with blood flow increases in parietal cortex regions 39 and 40.
The dorsolateral prefrontal cortex is thought to be involved in working memory (Goldman-Rakic 1987 , 1988 , a supervisory attentional system (Shallice 1982) , behavioral programming (Nauta 1971) , and other executive functions such as the inhibition of inappropriate behavioral responses (Mesulam 1985) . That this region has a role in explicit memory has been demonstrated in several previous PET studies Grasby et al. 1993; Petrides et al. 1993a,b; Kapur et al. 1994; Swartz et al. 1994; Tulving et al. 1994a,b; Buckner et al. 1995; Schacter et al. 1997a ). Blood flow increases in the orbitofrontal region, in contrast, have been reported to occur in response to certain face and object identification tasks (Sergent et al. 1992) , as well as to selective attention to changes in a single visual feature of a form (Corbetta et al. 1991) and may participate in processing information about a visual object's identity. PET activity in the insula has been demonstrated in response selection tasks that are based on simple or limited processing of input to overlearned or automatic task performance (Corbetta et al. 1991; Raichle et al. 1994) . Activity in the somatosensory, motor, and supplementary motor areas usually occur in tasks that involve a motor component. In our study, however, motor responses (a right or a left button press) should have been accounted for in the active no-decision baseline condition and therefore cannot be the source of the observed increases. Activity in this region, therefore, could reflect additional coordination of sensory and motor information not required during the baseline condition.
Although the functional role of the pulvinar is not entirely clear, suggestions from previous PET studies include retrieval of images from memory (Roland et al. 1987) , the analysis of a visual representation with a specific hypothesis in mind (Roland and Gulyas 1995) , selective vigilance (Corbetta et al. 1991) , and the identification of a particular stimulus in a cluttered field (LaBerge and Buchsbaum 1990) . LaBerge and Brown (1989) speculate that the pulvinar acts as a filter engaged
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The anterior cingulate region participates in selection for action (Pardo et al. 1990; Grasby et al. 1993; Raichle et al. 1994 ) among competing, complex contingencies (Posner et al. 1988; Posner and Petersen 1990 ). Blood flow increases that occur in response to the demands of recognition memory are consistent with the importance of the anterior cingulate in the conscious manipulation of attention. Corbetta and colleagues (1991) speculate that a circuit between the orbitofrontal cortex and structures in the basal ganglia act to adopt and maintain a set in short term memory for a particular feature. Similar information processing loops with the dorsolateral prefrontal cortex and the anterior cingulate have been proposed by Alexander and colleagues (Alexander et al. 1986 ). Except for their acknowledged role in procedural learning, the functional role of striato-pallido-thalamic-cortical circuits in cognition has not delineated well.
The increases in the parietal cortex were observed only in the most superior regions of the brain. Increases in the right inferior parietal region have been demonstrated previously in response to objects viewed from a noncanonical perspective (Kosslyn et al. 1994) . Increases in this region in response to possible and impossible objects may be related to visual manipulation of these objects during object decision. The role of the inferior parietal region in persisting Wernicke's aphasia (Kertesz et al. 1993) further suggests an attempt to extract meaning or to understand and more fully encode the stimuli.
CBF DECREASES IN THE OTHER BRAIN REGIONS
In comparison to the no-decision baseline task, the object decision and recognition memory tasks were associated with blood flow decreases bilaterally in the primary and secondary visual regions, BAs 17-19, in the precuneus region, in the inferior parietal cortex and the middle and superior temporal gyri, and in the cerebellum.
Blood flow decreases in primary visual cortex (BA17) have been demonstrated previously during the viewing of visual objects (Schacter et al. 1996b )--despite the fact that these subjects had only heard the names of the objects initially. Nyberg and colleagues (1996a) suggest that neural activity from the higher level associative regions actively inhibit regions not directly involved in immediate information processing demands (see also, Kawashima et al. 1993) .
Increases rather than decreases have been reported more often in the precuneus region (Roland and Seitz 1989; Grasby et al. 1993 Grasby et al. , 1994 Gulyas et al. 1994; Shallice et al. 1994; Roland and Gulyas 1995) . Corbetta and colleagues were able to dissociate precuneus increases from decreases by manipulating attention--when attention was directed peripherally, increases in blood flow were observed; in contrast, when attention was directed to the center of a visual display, hypoperfusion resuited. The cognitive operations involved in this experiment, as well the lack of peripherally directed attention, may have precluded the involvement of the precuneus, a region that appears to be involved in the active analysis of spatial information (Murray et al. 1989; Haxby et al. 1991; Vogt et al. 1992) .
The cerebellum, in contrast, is putatively involved in shifts of attention (Akshoomoff and Courchesne 1992) , as well the ability to respond to motor requirements of the task with increasing automaticity (e.g., Fiez et al. 1992; Grasby et al. 1994; Raichle et al. 1994) . Cerebellum participation may be required only for initial motor programming.
SUMMARY
Blood flow increases in the inferior temporal and fusiform gyri during object decisions about possible visual objects and object decision priming provide support for the role of this region in representing and maintaining structural descriptions of objects. Additionally, blood flow increases in the right hippocampus during explicit recognition for possible visual objects provide support that this region has a role in recognizing familiar or matching visual stimuli. Blood flow increases in the left hippocampus that occur in response to nonstudied possible objects and to impossible objects suggest that this brain region is involved in stimulus encoding and feature analysis. Blood flow increases in the posterior (pulvinar) but not anterior thalamic region highlight this structure's contribution to the visual analysis of complex visual objects. Blood flow increases and decreases in these and other regions provide information about the role of specific as well as spatially distributed (network) brain 
